In this work we present x-ray phase-contrast tomography of heart tissue from mouse, combining computed tomography (CT) scans with laboratory and synchrotron radiation. The work serves as a proof-of-concept that the cyto-architecture and in particular the myofibril orientation can be assessed in three dimensions (3D) by phase-contrast CT. We demonstrate the synergistic use of laboratory µ-CT and of the high resolution synchrotron setup based on waveguide optics. Details on preparation, instrumentation and analysis are given, as a state of the art reference for heart tissue tomography, and as a starting point for further progress.
INTRODUCTION
Heart contractility as one of the most important physiological functions relies on an intricate molecular-and cyto-architecture. Classical diffraction studies on muscle (both for skeletal and cardiac muscle) have contributed to the standard model of the sarcomere as the basic structural unit of the myofibrils which make up muscle fibers. Conventional histology, on the other hand, enables the visualisation of the cyto-architecture, however, only in two dimensions (2D). What is lacking today is a method to assess the tissue structure in full 3D, including in particular the local orientation, and the entire three-dimensional assembly of myofibrils. Scanning x-ray diffraction is one option to probe molecular orientation of heart tissue, combining the required real space resolution with molecular sensitivity by diffraction. In addition to the sarcomere, structure parameters of the myocardial collagen matrix in heart tissue are of interest for heart pathologies. However, there are two major challenges: First, the scanning technique is prohibitively slow for 3D studies, since diffraction tomography requires scanning of three degrees of freedom. Secondly, the dose involved in scanning diffraction is typically also very high. In practice, this approach therefore is restricted to 2D slices.
In this work, we want to explore to which end full field x-ray tomography can also reveal details of the heart muscle cyto-architecture, in view of a full 3D histological representation at a resolution higher than that of optical microscopy. Such 3D data of the cyto-architecture should then be combined with conventional histology as well as scanning x-ray diffraction images to probe the molecular structure. In particular, we want to verify whether the contrast of fixed but unstained tissue is high enough for this purpose. Further, the goal of this work is to delineate phase-contrast tomography at laboratory µ-CT setups from high resolution synchrotron tomography. For both modalities, we present novel approaches to instrumentation and optics, which we have developed for the purpose of 3D histological studies by phase-contrast x-ray tomography, both at the nano-and micro-scale.
METHODS AND EXPERIMENTAL REALIZATION

Sample preparation
A heart was dissected from a 7 months old healthy female wildtype C57BL/6 mouse. The heart, sketched in Fig. 1a , was fixed overnight in 10% formalin solution, dehydrated using an increasing ethanol series and subsequently embedded in a block of paraffin, shown in Fig. 1b . Biopsies were taken with a needle of 1 mm diameter (GE Healthcare Life Science, Chalfont St. Giles, UK), transferred to a polyimide tube (Goodfellow Cambridge limited, Huntingdon, England) and mounted on a brass pin (HUBER Diffraktionstechnik GmbH & Co. KG, Rimsting, Germany) using two-component glue (see Fig. 1c ). For this specific heart, three biopsies were taken. In order to screen the quality of the biopsy punches, in-house tomography was carried out using the setup described in section 2.3. An image of one biopsy placed in the sample stage at the in-house setup is shown in Fig. 1d . The biopsy with highest quality (no paraffin fractures) was then measured at beamline P10 at DESY in Hamburg using the Göttingen instrument for nanoscale imaging with x-rays (GINIX) to visualize the 3D cytoarchitecture.
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Alignment of a tomographic setup
Before a tomographic measurement can be recorded, several alignment steps have to be carried out in order to optimize the final quality of the tomogram. First, the pitch angle α between the tomographic and optical axis, shown in Fig. 2a , has to be minimized. To this end, two images at different positions x 1 along the optical axis are recorded. The pitch angle α is given by
where ∆z is the change in height and ∆x the change along the optical axis for one feature in the sample. Due to different magnifications of both images the observation of height changes may be challenging, as both effects interfere. However, if the rotation axis is perfectly perpendicular to the optical axis, the sample feature which lies directly on the optical axis shows no lateral changes between the two recorded images. This can be used for alignment instead by iteratively refining the pitch angle until translations along z are minimized and differences between the two recorded images are solely caused by magnification effects. As a second step of alignment, the rotation axis has to be centered in the field of view of the detector. This is achieved by recording a standard TEM copper grid at 0 • and at 180
• of the current tomographic axis. By horizontally flipping one image and subtracting both images the residual shift of the rotation axis is given by the a b c d Figure 1 . Sample preparation. (a) Sketch of a healthy heart, 1 dissected from a 7 months old female wildtype C57BL/6 mouse, chemically fixed, dehydrated and embedded in paraffin. RA, right artery; LA, left artery; AO, aorta; PA, pulmonary artery; LV, left ventricle; RV, right ventricle. (b) Paraffin block, from which three biopsies of different regions were taken, inserted in (c) the poylimide tube shown and scanned by in-house µ-CT scans to screen for intactness and sample quality . is then corrected by a tilt stage below the rotation stage.
8 (b) Eventual misalignment of the roll angle β is accounted for by image rotation after data acquisition. To this end, two slices are reconstructed and the position of the tomographic axis is refined.
shift needed to bring both into line. 8 This procedure is automatized using a custom-written MATLAB script.
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Finally, the effective pixel size p eff and consequently the exact source-to-detector distance x 02 have to be determined. To this end, the test target is moved along y by a defined distance ∆y o . By comparing ∆y o to the shift of the image on the detector, given in number of pixels ∆y d , the effective pixel size is given by
Assuming a well-known source-to-sample distance x 1 the source-to-detector distance x 02 can be calculated using
where M is the magnification and p the actual detector pixel size. This procedure can again be automatized by using a custom-written MATLAB script. Note that at the GINIX setup, the calibration of x 1 can be achieved by the motorized on-axis optical microscope, with a reference position at the KB focal plane can be used at the GINIX setup. A misalignment of the roll angle β of the tomographic axis, which describes the rotation around the optical axis as shown in Fig. 2b , leads to a height change of sample features during rotation which causes artifacts in the tomographic reconstruction. However, this was not corrected for during the experimental alignment since β can be more accurately determined during the reconstruction and misalignment can be compensated by simply rotating all projections accordingly. To find out the roll angle of the rotation axis two slices at different heights z within the recorded volume are reconstructed and the shift ∆y of the rotation axis with respect to the center of the detector is optimized for each slice independently. In the case β = 0 • the shifts determined at the different z positions are equal while for β = 0
• they differ. The difference between the determined shifts can then be used for the calculation of the roll angle via
where ∆z is the height difference of the two reconstructed slices.
Laboratory experiment
Setup To use beamtime at the synchrotron facility efficiently, it is of advantage to have prior information about the shape, structure and preparation quality of samples or sample candidates. Apart from screening the sample quality and intactness, it is also important to visualize larger FOVs at moderate resolution, in order to best 'place' the high resolution synchrotron scan. To this end, we have built and commissioned an in-house laboratory µ-CT setup shown in Fig. 3a , well suited for absorption and phase-contrast tomography based on free-space propagation of small tissue samples. In this study, we used this setup to narrow down the choice iime=t:== MN= of the most relevant sample and field of view for the subsequent synchrotron beamtime. The setup consists of three components illustrated in Fig. 3a: x-ray source, sample tower and detector tower. The x-ray source is a rotating copper anode (Rigaku, Tokyo, Japan) with an elliptical electron focal spot size of 700×70 µm 2 at the anode surface, operated at U = 40 keV and I = 30 mA. At a take-off angle of 6
• the x-ray spot is circular with a diameter of FWHM source = 70 µm. The emitted x-rays leave the vacuum chamber through a 0.2 mm thick beryllium window in a cone-beam geometry. The x-ray energy spectrum has the characteristic copper-K α peak at 8.048 keV and a maximum energy at 40 keV resulting from the bremsstrahlung. The partial coherence needed for propagation-based phase-contrast imaging is achieved by the small focal spot with respect to the long distance x 1 , which describes the distance between the focal spot S and sample position. The sample is mounted on a tower, equipped with 5 motorized stages for a precise and variable alignment. It consists of two translational stages (y and z) for the alignment of the tomographic axis, one rotational stage required for tomography and two additional translations above the rotation to bring the sample's region of interest into the field of view. The detector is placed at a distance x 2 behind the sample and is mounted on a tower consisting of 4 manual positioners (1 translation + 3 rotations). A precise alignment of the detector perpendicular to the optical axis is pursued while the mounting is kept as stable as possible to avoid loss of resolution caused by vibrations. Sample tower and detector tower are placed on an extra granite cube to reduce vibrations. A cone-beam setup for propagation-based phase-contrast imaging can be operated using two different geometries, in order to optimize resolution for given source spot size and detector pixel size. 10, 11 The optimum choice of geometric parameters depends on FWHM source and the point spread function (PSF) of the detector FWHM det , which is bounded slits KB-mirrors sample detector OAV microscope waveguide . 3 The beam was focused to a spot size of about 350 nm (vert.) x 290 nm (horz.) by two KB-mirrors onto the front side of a planar waveguide with a guiding layer of 82 nm thickness resulting in a secondary source spot of 18 nm in height. The sample was mounted on a motorized sample stage and was monitored with a on axis microscope (OAV). Images were acquired with a fiber-coupled scintillator based sCMOS camera.
from below by the pixel size of the detector. In the case x 1 x 2 , the magnifying geometry, a high optical magnification M yields a small effective pixel size and hence a high resolution. For FWHM source < FWHM det this geometry should be used as we did at the synchrotron. The resolution is then limited by the focal spot size FWHM source . The second case (x 1 x 2 ), this 'inverse' geometry, has nearly no optical magnification. The resolution is therefore limited by the detector point spread function FWHM det . Due to the comparably large focal spot size of the rotating anode, our laboratory setup is built in the inverse geometry (x 1 x 2 ), and the high resolution detector XSight (Rigaku, Prague, Czech Republic) with a lens-coupled single crystal scintillator CCD camera is used. The pixel size is FWHM det = 0.54 µm with a field of view of 1.8 x 1.4 mm 2 . With x 1 = 465 mm and x 2 = 6 mm, the 700 nm lines and spaces of the Wo test pattern RT RC-02 (JIMA, Tokyo, Japan) are resolved as presented in Fig. 3b .
Data acquisition and reconstruction
• were recorded with an exposure time of t = 40 s each. The projections were emptybeam corrected and binned by a factor of 2 in order to achieve a higher signal to noise ratio. Phase retrieval of each projection was then performed by applying the Bronnikov-Aided-Correction algorithm (BAC), 12 described in the next paragraph. Subsequently, the tomographic reconstrucion was carried out using the (cone-beam) filtered back-projection implementation of the ASTRA toolbox.
13, 14 All acquisition and reconstruction parameters are summarized in Tab. 1.
Phase retrieval Phase-contrast imaging is used for weakly absorbing objects to obtain sufficient contrast for high resolution x-ray imaging. To remove interference effects such as edge enhancement it is necessary to reconstruct the phase of the object using a phase-retrieval algorithm. In this study we used the Bronnikov-aided correction (BAC) algorithm which gives optimal results for laboratory-based phase-contrast imaging in the direct contrast regime. 15 Reconstruction is carried out in two steps. First, the modified Bronnikov algorithm (MBA) 16 is used to reconstruct an approximate phase image φ † (r ⊥ ) with r ⊥ = (y, z) from the projections using the absorption-dependent regularization parameter α. As this algorithm assumes a pure phase object, it leads to blurred reconstructions due to residual absorption. Therefore, the second step of the BAC is used to sharpen the images again by assuming a weakly absorbing object and reconstructing the intensity distribution in the object plane from the approximated phase φ † (r ⊥ ) via
where γ is a second α-dependent regularization parameter.
Synchrotron experiment
Setup A high resolution tomogram of the sample was recorded at the GINIX setup which is available at the P10 beamline of the storage ring PETRA III at DESY in Hamburg. 2, 8, 17 The schematic design of the setup is shown in Fig. 3c . The beam is created by an undulator and monochromatized by a polished Si(111) channel-cut crystal monochromator that limits the bandwidth of the x-rays to ∆λ λ = 10 −4 . The beam size is defined by a pair of slits before two Kirkpatrick-Baez (KB) mirrors focus the radiation to a spot size of about 350 nm × 290 nm. A good performance of the mirrors is achieved at an energy range between E min = 6 keV and E max = 15 keV. For the tomography of the heart biopsy, an energy of 13.8 keV was chosen. At the focal spot of the KB-mirrors an x-ray waveguide (Mo/C/Mo planar waveguided) is placed and can be aligned by a parallel kinematic robot in a hexapod configuration. The coherence of the exit wave is increased by filtering of modes in the waveguide, and the beam is further confined. Its profile is smoothened and can be approximated by a Gaussian 3, 18 which reduces artifacts in the empty-beam correction caused by the structured illumination of the pure KB beam.
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The sample is mounted on a motorized sample stage with linear x-, y-, z-positioners and rotations for three dimensions. Additionally, the rotation stage is based on another set of three linear positioners to align the center of rotation. Furthermore, an on-axis video microscope (OAV) equipped with a network camera can be moved in the beam to prealign the sample's region of interest in the x-ray beam. The projections are recorded by a fiber-coupled scintillator-based sCMOS camera (2048 x 2048 pixels, Photonic Science, Sussex, UK) with a custom 15 µm gadox scintillator and a pixel size of 6.5 µm which is placed approximately 5 m behind the sample. phase retrieval parameters α = 0.0663 (MBA) β/δ = 1/20
Data acquisition By comparing images of the on-axis video microscope with reconstructions from the inhouse measurement the region of interest was moved to the field of view. Due to the use of a 1D (planar) waveguide, the illumination on the detector is highly anisotropic in the horizontal direction, as shown in Fig. 3c . The illuminated area of 1600 x 836 pixels corresponds to an effective field of view of about 300 × 150 µm 2 . After the alignment of the sample, tomographic datasets were recorded at four source-to-sample distances x 1 ∈ {145, 150, 160, 180} mm. Choosing four defocus distances has proven to be an optimum choice for the application of the CTF-based phase-retrieval algorithm presented below. 4, 20 For every defocus distance 1001 projections over 180
• with an exposure time of 0.1 s were acquired. Additionally, 50 flatfield images were taken before and after each tomogram. For darkfield correction 25 images without beam were recorded. All experimental parameters are summarized in Tab. 1.
Phase retrieval For large propagation distances and hence small Fresnel numbers, as in this experiment, phase contrast is visible in the form of multiple fringes that appear around an object. One single-step method for phase reconstruction is based on the contrast transfer function (CTF), 3, 4, 21, 22 which is valid for weakly absorbing objects with a slowly varying phase. By additionally assuming a homogeneous and optically thin object with a constant β δ -ratio (β and δ as defined by the complex index of refraction n = 1 − δ + iβ), the phase can be reconstructed using all four propagation distances via
where I(r ⊥ ) denotes the empty-beam corrected intensity distribution, F the lateral Fourier transform with the coordinates k ⊥ = (k y , k z ) and χ m is given by
. In order to compensate for zero-crossings of the denominator, a frequency-dependent regularization parameter α(k ⊥ ) is used, which is defined as in previous works. 4, 20 Note that the non-negligible absorption provides a 'natural' regularization for small spatial frequencies so that only the larger spatial frequencies have to be further regularized.
RESULTS
In-house results
In view of the experiment on cardiac tissue at the synchrotron, samples were pre-characterized at the in-house µ-CT setup in order to judge the preparation quality and identify regions of interest within the sample. In this case, special care was taken to select a specimen that contained the least amount of preparation artifacts such as fissures. Fig. 4 visualizes the in-house results of such a sample. One empty-beam corrected projection of the sample (top left) and its phase reconstructed image using the BAC algorithm (bottom right), separated by the diagonal straight line, are presented in Fig. 4a . In the empty-beam corrected projection the edge enhancement is clearly visible at the polyimide tube. As can be seen from the intensity of the reconstructed phase image this effect is corrected. According to this projection, the sample seems intact and homogeneous except for the upper region, showing elongated structures. The arrow indicates the position of the transverse slice through the volume (straight horizontal line) shown in Fig. 4c . A longitudinal slice (xz) through the reconstructed 3D volume is shown in Fig. 4b . The dark regions can be identified as the heart tissue while the bright regions indicate paraffin filling out voids between muscle fibers. The thick black vertical lines are the polyimide tube. The slice shows damaged heart tissue in form of ruptures at the top and a widely homogeneous unresolvable pattern in the lower part. This impression of smaller substructures, which are only partially resolved, is emphasized by the magnified inset of a subregion of the slice. However, the inset also shows more structured and curved regions at the top possibly indicating orientation of the muscle fibers. The transverse slice (xy) in Fig. 4c shows some damages as well. Additionally to the fissures within the tissue, some artifacts caused by the insertion of the heart tissue into the polyimide tube can be recognized in the form of air between the tissue and the tube (top of the slice). Further, some fiber orientation in horizontal direction can be recognized, an impression which is accentuated in the magnified region shown in the inset on the right. A 3D volume rendering of the data can be seen in Fig. 4d with a cubic cut into the volume showing the internal structure of the sample. The data was visualized with the software Avizo (FEI Visualization Sciences Group, Burlington, USA). As the lower region of the sample consists of more homogeneous tissue without preparation artifacts it is subject to further experiments at the synchrotron. We conclude, that heart tissue samples can be successfully pre-characterized in 3D, with a sufficient resolution throughout, using µ-CT instrumentation with permanent accessibility. Ruptures filled with paraffin can be clearly recognized while other components such as erythrocytes, nuclei and single myofibers are not clearly resolved. To unambiguously visualize these (sub-)structures, a high resolution setup such as the GINIX instrument is required.
Synchrotron results
As for the in-house measurement, data reconstruction was performed using MATLAB. 9 The projections of all distances were reconstructed using the CTF approach (see fig. 5a and b), described in Sec. 2.4. To account for different magnifications at the different defous distances, the normalized projections were rescaled to the smallest pixel size and aligned to each other by cross correlation. Prior to tomographic reconstruction, a sinogram-based ring removal was performed 10, 23 and the roll angle β was corrected as explained in Sec. 2.2. Finally, all slices were reconstructed using the standard inverse Radon transform with a Ram-Lak filter. In Fig. 5c-f the results of the tomographic reconstruction are shown. In comparison to the in-house results the resolution of the reconstructed slices is clearly higher as sub-structures like the cardiac muscle fibers with a diameter of about 10 µm and single erythrocytes with a diameter of 5-8 µm and a thickness of around 2 µm as well as aggregates are visible. Due to the high iron concentration of the hemoglobin in the cytoplasm of the erythrocytes the electron density is increased 24 and therefore they appear dark in the reconstructed images. Also, nuclei of the cells can be easily seen, as indicated in Fig. 5c , and the myofiber orientation can be identified. Furthermore, a 3D volume with a rectangular cutoff is depicted in Fig. 5f in order to visualize the consistent orientation of the myofibers inside the reconstructed volume.
Orientation of cardiac muscle fibers As shown in the last section, cardiac myofibers can be resolved. To quantify the fiber orientation in 2D, a line-detection algorithm based on the Hough transform 25, 26 was used as implemented in MATLAB. The underlying workflow is demonstrated on a single reconstructed slice and summarized in Fig. 6 . The first step of the Hough algorithm is using an edge-detection filter, such as a Sobel or Canny filter. In this case, a Canny filter was used and the edge detection threshold was set to an intensity gradient of 20% between pixels. The result is then a binary representation of the image, as shown in Fig. 6b . From this binary image, the Hough space was constructed by plotting for each point in this binary image the family of lines that goes through this point. This is done in ρ, θ-or Hough space, where ρ is the distance of the closest point on the line to the origin and θ the angle between the horizontal axis and the line connecting the origin with that closest point (see red lines in Fig. 6b ). For each point in the binarized image this leads to a unique sinusoidal curve in Hough space (Fig. 6c) . In this "sinogram-like" representation lines are represented as bright spots where many curves intersect. The more curves intersect, the more points belong to that specific line. Therefore a threshold can be chosen defining the minimum number of intesections needed to detect a line, which in this case was set to 2/3 of the maximum value. The length and location of each detected line was determined using a corresponding line algorithm. It connects pixels of the binary edge image along the line if the gap between them is smaller than a specified distance, in this case 2% of the size of the field of view. Lines with a length below 4% of the size of the field of view were neglected. This algorithm was applied on all orthogonal slices of the 3D volume and the mean angle and standard deviation of all orientations was calculated. Considering the xy-plane, the lines seem to follow very consistently the .~`. 4 . e W ti-. direction of the myofibers. The overall angular spread is rather small corresponding to a highly aligned direction of the fibers. We have determined the angle to be at 135
• ± 1 • . Along the lateral planes, the Hough transform yields incorrect results which can be expected since already from Fig. 5d and e it can be recognized that the fibers are cut transversally so that only cross sections of the fibers are seen. From this it can be concluded that the algorithm identifies the direction of fibers correctly if the reconstructed slice is at least partly parallel to the orientation of the fibers but fails if the fiber axis has an arbitrary orientation. To circumvent this restriction other methods will be exploited in the future to correctly determine the 3D fiber orientation within the volume.
CONCLUSION
To investigate internal structures of the heart with a non-destructive method, we have used x-ray propagationbased phase-contrast tomography, which is well suited for biological tissue with low absorption. We have successfully combined the tomographic possibilities of a laboratory setup with a synchrotron setup, and, as a result, we were able to deduce the orientation of myofibers at least in one direction. In the high-resolution synchrotron experiment, features below the size of the myofibers became visible (erythrocytes, nuclei). Three different heart tissue samples were screened for quality and intactness at micrometer resolution prior to the synchrotron beamtime. Subsequently a tomogram of the best sample and of a relevant region was recorded at the synchrotron. The structure of the cardiac muscle fibers could be resolved and also erythrocytes and nuclei could be visualized in the small field of view. By applying a Hough line algorithm the 2D orientation of the myofibers could be identified. In the future, new algorithms will be developed in order to be able to reconstruct the myofiber orientation in 3D. For biological/medical research it would be largely beneficial to obtain a tomogram from the entire heart, e.g. by stitching of several tomograms. Based on the current work, we believe that this will be possible in the future. In the context of cardiac diseases, such studies may provide important 3D structural insight into the cyto-architecture underlying the pathologies.
